The natural clonal loach Misgurnus anguillicaudatus (Teleostei: Cobitidae) is diploid (2n ¼ 50) and produces genetically identical unreduced eggs, which develop into diploid individuals without any genetic contribution from sperm. Artificially sexreversed clones created by the administration of 17alpha-methyltestosterone produce clonal diploid sperm. In metaphase spreads from testicular cells of the sex-reversed clones, spermatocytes had twice the normal number of chromosomes (50 bivalents) compared with those of normal diploids (25 bivalents). Thus, the production of unreduced diploid spermatozoa is initiated by premeiotic endomitosis (or endoreduplication), chromosome doubling before meiosis, and is followed by two quasinormal divisions. Larger nuclei in the germ cells were observed in all stages of type B spermatogonia in the testes of the sex-reversed clones. In contrast, besides having larger type A spermatogonia, the sex-reversed clones also had the type A spermatogonia that were the same size as those of normal diploids. It follows that chromosome duplication causing unreduced spermatogenesis occurred in the type A spermatogonia. The presence of tetraploid type A and early type B spermatogonia, identified by labeling with antispermatogoniaspecific antigen 1, was verified using DNA content flow cytometry. These results support the conclusion that chromosome doubling occurs at the type A spermatogonial stage in diploid spermatogenesis in the clonal fish.
INTRODUCTION
Asexual reproduction is rare in vertebrates, but many unisexual fish have been reported that develop from unreduced eggs by means of gynogenesis [1, 2] . Such unisexuals have been suggested as good models to evaluate the significance of sexual reproduction in evolutionary biology [3] and to investigate the mechanisms underlying normal meiosis and gametogenesis in reproductive biology [4, 5] .
The loach M. anguillicaudatus (Teleostei: Cobitidae) reproduces sexually and asexually [6] . The clonal diploid lineage of the Misgurnus loach is a newcomer to the list of unisexual vertebrates and is considered to have a hybrid origin because of the presumed presence of two distinct genomes in the clone [7] and two diversified clades in the phylogenic tree of the genus [8] . Sexually reproducing diploids (2n ¼ 50) are most common in Japan, but asexual clones have been found among specimens collected from wild populations in northern areas of Hokkaido Island and a few localities of Honshu Island, Japan [6, 8] . These clonal diploid loaches produce unreduced diploid eggs, which develop into genetically identical clones (without any genetic contribution from sperm) by gynogenetic development [4, 5] . However, some unreduced eggs develop into triploid and diploid-triploid mosaic individuals through the accidental incorporation of a sperm nucleus [5] . A cytological mechanism, premeiotic endomitosis (or endoreduplication), has been the accepted explanation of the formation of unreduced eggs. The process results from chromosome doubling without cytokinesis before meiosis, followed by two quasinormal divisions [4] . Thus, the chromosomes of the clonal diploid's germ cells are duplicated, yielding tetraploid cells, and this produces oocytes with a diploid number of bivalents, each formed from a paring of sister chromosomes derived from one chromosome [4] . This process has also been observed in hybrids of several other teleosts [1] , including medaka [9] and amphibian hybrids [10, 11] . However, the stages of premeiotic endomitosis have not been identified yet in any unisexual vertebrates, to our knowledge.
It is unclear whether gametogenesis via premeiotic endomitosis is specific to females only. In medaka (Oryzyas species), the interspecific hybrid male is sterile [12] , and endomitosis may result from misregulated oogenesis in the hybrid females [9] . In the loach, however, an unusual reproductive mode is not specific to females. The production of unreduced diploid sperm with genotypes identical to those of the clonal loach lineage has been reported in diploid-triploid mosaic individuals found in a wild population [13] . A similar example of diploid spermatogenesis was reported in the Iberian minnow Squalius [14] . However, the mechanism responsible for such unreduced spermatogenesis has not been examined because of its rarity in unisexual vertebrates. Recently, it was reported that artificial sex reversal is possible in clonal loaches and that sex-reversed clonal males successfully produced unreduced diploid sperm with genotypes identical to those of the clonal diploid lineage [15] . The artificial induction of a sufficient number of sex-reversed clonal loaches allows us to examine the mechanism of unreduced spermatogenesis found in this clonal fish. Identification of this mechanism may improve our understanding of the reproductive biology of unisexuals. The meiotic process in spermatogenesis is generally simpler than that in oogenesis because male gametogenesis lacks both vitellogenesis and the long-term arrest in meiosis I.
Herein, we studied the mechanism for the formation of unreduced diploid spermatozoa in sex-reversed clonal fish. First, we used flow cytometry and conventional cytogenetic analysis to find testicular germ cells with duplicated chromosomes. Then, germ cell sizes were measured at the spermatogonium and spermatocyte stages. Finally, we analyzed the ploidy of early spermatogonia by sorting the cells using a density gradient with Percoll. This enabled us to determine the timing of chromosome doubling by flow cytometry using fluorochrome to measure DNA content and the antibodies specific to early spermatogonia.
MATERIALS AND METHODS

Fish Specimens
This study was performed in accord with the Guide for the Care and Use of Laboratory Animals in Hokkaido University. We maintain a clonal strain produced by gynogenetic development of unreduced diploid eggs of the clonal loach (strain No. 3) at the Aquarium Center of the Graduate School of Fisheries Sciences, Hokkaido University, Hakodate, Japan [6] . The strain was derived from previously identified specimens obtained since 2001 from Memanbetsu Town, Abashiri County, Hokkaido Island. Production of sex-reversed clonal males was performed according to the procedure described by Yoshikawa et al. [15] . In May 2005, progeny of the clonal diploid loach were obtained by fertilizing eggs of the clonal female with sperm of goldfish (Carassius auratus, Cyprinidae) that had been irradiated with UV rays according to the procedure described by Suzuki et al. [16] . Clonal larvae were fed carp feed containing 2.5 ppm of 17a-methyltestosterone (MT; Wako, Osaka, Japan) for 30 days initiated 1 mo after hatching. Adult sex-reversed clonal males (age, 1-2 yr) were used for this study. The clonal nature of these males has been verified using molecular genetic techniques [15] . Adult normal diploid males were collected from Kita Village, Sorachi County, Hokkaido.
Observations of Chromosomes in Testicular Cells
Testes were minced with scissors in balanced salt solution (128 mM NaCl, 2.7 mM KCl, 1.8 mM CaCl 2 , 0.2 mM NaHCO 3 ). Following centrifugation at 50 3 g for 5 min, the cells were resuspended in 0.075 M potassium chloride hypotonic solution for 90 min. The cells were then fixed with Carnoy fixative (methyl alcohol 3:acetic acid 1). The cell suspensions were dropped onto glass slides, air dried, and stained with Giemsa.
Histological Observation
Testes were fixed with Bouin fixative for 3-6 h. After dehydration through a conventional ethanol series, testes were embedded in paraffin. Serial sections (4 lm thick) were prepared, stained with hematoxylin-eosin, and observed under a microscope.
For immunohistochemistry, serial sections (6 lm thick) of testes were prepared as already described. The sections were treated with 3% hydrogen peroxide solution in methanol for 15 min and 0.5% Triton X-100 in PBS for 20 min. After blocking with 10% goat serum in PBS for 30 min, the sections were incubated with antispermatogonia-specific antigen 1 (anti-SGSA-1) [17] diluted to 1:1000 in PBS containing 3% goat serum and 0.1% Triton X-100 overnight at 48C. Expression of SGSA-1 was detected using the Histofine SAB-AP(R) kit and Simple Stain diaminobenzidine solution (Nichirei Corp., Tokyo, Japan) according to the manufacturer's instructions. Sections were also counterstained with hematoxylin.
Dissociation of Testicular Cells
Dissociated testicular cells were prepared according to the technique by Miura et al. [18] . Testes were minced with scissors and dissociated with 0.2% collagenase and 0.002% DNase I in PBS for 1.5-2 h at 288C. After filtration through a mesh having 50-lm pores, cells were fractionated on a discontinuous density gradient using Percoll (GE Healthcare, Chalfont, Bucks, England) according to the technique by Morena et al. [19] . The cell suspension was placed on top of the Percoll solution (65%, 50%, 40%, 36%, 33%, 30%, 25%, and 20% in PBS) and was centrifuged at 800 3 g for 30 min.
To evaluate cell patterns in each layer, testicular cells fractionated by a discontinuous density gradient using Percoll were observed. After fixation with 2 ml of 2.5% glutaric aldehyde dissolved in 0.1 M phosphate buffer (pH 7.4) for 1 h, the fractionated testicular cells were embedded in 20 ll of 2% agarose gels. Agarose gels containing testicular cells were dehydrated through an ethanol series and embedded in Technovit 7100 resin (Kulzer, Weinheim, Germany) according to the manufacturer's instructions. Sections (2 lm thick) were prepared and stained with Giemsa.
Flow Cytometry
To determine ploidy, the relative DNA content of all testicular cells collected from sex-reversed clonal males and normal males, which were also used for chromosome and histological analyses, was measured by flow cytometry using a ploidy analyzer (Partec PA, Münster, Germany) after staining with 4 0 ,6 0 -diamidino-2-phenylindole according to the procedure described by Morishima et al. [6] . For internal and external standards, erythrocytes of normal diploid loaches were used to provide a 2C value of normal diploidy.
For flow cytometrical analysis using anti-SGSA-1, the relative DNA contents were measured using EPICS ALTRA MultiCOMP (Beckman Coulter, Miami, FL), and data were analyzed using EXPO32 software (Beckman Coulter) and WinMDI version 2. 
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were fixed with 2% paraformaldehyde in PBS for 1 h. Fixed testicular cells were incubated with anti-SGSA-1 diluted to 1:100 in PBS containing 1% bovine serum albumin (BSA) overnight at 48C. The cells were then labeled with fluorescein isothiocyanate-conjugated goat anti-rabbit IgG (Beckman Coulter) that had been diluted to 1:100 in PBS containing 1% BSA for 1 h. Nuclei were stained with 7-amino-actinomycin D viability dye (Beckman Coulter).
RESULTS
Female to Male Sex Reversal of Clonal Loach
To produce sex-reversal males, clonal larvae (n ¼ 280) were treated with 17a-MT. Most MT-treated larvae (n ¼ 279) survived the treatment, and at 6 mo after hatching, all survivors exhibited the external characteristics specific to the male (i.e., longer pectoral fins and more prominent integumental swellings on both sides of the body just posterior to the dorsal fin as described by Saitoh [20] ).
Ploidy of Testicular Cells
The ploidy of testicular cells from seven normal diploid males (Nos. 1-7) and from 11 clonal males (Nos. 1-11) was analyzed by DNA content flow cytometry. In the testes of all normal diploids, a prominent peak corresponding to haploid spermatozoa with 1C DNA content was detected, together with a 2C peak from probable diploid spermatogonia and other somatic cells, and a subtle 4C peak from probable tetraploid spermatocytes and other G2-phase cells (Fig. 1A) . In contrast, a cell population corresponding to diploid spermatozoa with 2C DNA was detected, with a marked 4C peak and a subtle 8C peak in the testes from 10 of 11 sex-reversed clonal males (Fig.  1B) . In the testes of one sex-reversed clone (No. 4), a slight peak of a cell population with 1C DNA content was detected, in addition to 2C, 4C, and 8C peaks observed in other sexreversed clonal males (data not shown). 
DIPLOID SPERMATOZOA AND STAGE OF ENDOMITOSIS
Cytogenetic Observation in Testicular Cells
Chromosomes in metaphase spreads of testicular cells from four normal diploids (Nos. 1-4) and from eight sex-reversed clones (Nos. 1-8) (already used for flow cytometry) were examined. In the testes of all normal diploids, 25 (or almost 25) bivalents were observed (Fig. 1C , Table 1, and Supplemental  Table S1; Supplemental Table S1 and all other Supplemental Data are available online at www.biolreprod.org). In contrast, the modal number of bivalent chromosomes in all sex-reversed clones was 50 (Fig. 1D , Table 1, and Supplemental Table S1 ). However, a few cells with approximately 25 bivalents were observed in three of eight sex-reversed clones (Nos. 4-6) ( Table 1 and Supplemental Table S1 ). Thus, spermatocytes of the sex-reversed clones had twice the number of chromosomes of normal diploids.
Mitotic metaphases from probable cell divisions of spermatogonia were also examined. In the testes of normal diploids, diploid metaphases with 50 (or almost 50) chromosomes were observed (Fig. 1E , Table 1, and Supplemental  Table S2 ). In contrast to the testes of normal diploids, testes of the sex-reversed clones had high numbers of tetraploid metaphase spreads (100 [or almost 100] chromosomes; Fig.  1F , Table 1, and Supplemental Table S2 ). In addition, a few octaploid metaphases with almost 200 chromosomes were observed in five of eight sex-reversed clones (Fig. 1G , Table 1,  and Supplemental Table S2 ).
Histological Examinations
Serial sections of testes from three normal diploids (Nos. 5-7) and from three clonal males (Nos. 9-11), already analyzed by flow cytometry, were examined. As seen in the testes of normal diploids, all spermatogenetic stages (i.e., spermatogonia, spermatocytes, spermatids, and spermatozoa) were observed in the testes of clonal males (Fig. 2, A and B) . To elucidate the process of cell division in spermatogenesis, the number of spermatids in each single cyst was counted. The modal number of spermatids in a single cyst of the clonal males was 2 9 or 2 10 , identical to the mode of normal diploids (Fig. 2,  C and D) . These results indicated that type B spermatogonia of clonal males divided seven or eight times before entering meiosis, which included two sequential divisions (as observed in the spermatogonia of normal diploids).
However, the nuclear diameters of spermatocytes (2 7 or 2 8 cells per single cyst) in clonal males (mean 6 SD, 5.0 6 0.33 lm) were significantly larger than those of spermatocytes in normal diploids (mean 6 SD, 3.5 6 0.26 lm) (P , 0.01, Student t-test) (Fig. 2E) . Furthermore, through all eight successive proliferation stages of type B spermatogonia, larger nuclei were also observed in testes of the sex-reversed clones (P , 0.01) (Fig. 2F) . In type A spermatogonia of normal diploids, the average nuclear diameter was 5.9 lm (Fig. 2, A and G). Although clonal diploids had type A spermatogonia with a similar nuclear diameter, obviously larger nuclei (maximum diameter, 13 lm) were detected in all type A spermatogonia of the sex-reversed clones (Fig. 2, B and H) . In addition, abnormal type A spermatogonia with a condensed nuclear structure and/or nuclear fragmentation were occasionally observed in all sex-reversed clones (Fig. 2I) .
Ploidy of the Early-Stage Spermatogonia
It is possible to label type A and early type B spermatogonia with anti-SGSA-1 in the Japanese eel Anguilla japonica, in medaka Oryzias latipes, in the toad Xenopus laevis, and others [17] . In our Western blot analysis of extracts from the testes of normal diploid and clonal males, this antibody recognized a band of about 38 kDa (data not shown), similar to that 
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previously described in medaka [17] . The strong expression of SGSA-1 was also detected by immunohistochemistry in type A and early type B spermatogonia that had formed a cyst of two or four germ cells (Fig. 3) .
To concentrate early spermatogonia, dissociated testicular cells were fractionated on a discontinuous density gradient using Percoll. In the 65% Percoll fraction, spermatozoa were approximately 100% of the fraction, and a few erythrocytes were observed (Supplemental Fig. S1A and S2) . Cells of the 40% Percoll fraction were mainly spermatids, spermatocytes, and late type B spermatogonia (Supplemental Fig. S1B and  S2 ). The collection of approximately 60% type A and early type B spermatogonia was achieved in the 36%-30% Percoll fractions (Supplemental Fig. S1C and S2) .
The ploidy of early spermatogonia (type A and early type B spermatogonia) that had been distinguished by anti-SGSA-1 labeling was determined using flow cytometry in testicular cells collected from the 36%-30% Percoll fractions from two normal diploid and two clonal males. In SGSA-1-positive cells of normal diploids, a prominent peak (74.0%) corresponding to diploid early spermatogonia with 2C DNA was detected together with a 4C peak (14.7%) from probable G2-phase cells (Fig. 4, A and B) . In contrast, the main cell population (67.9%) was located in the 4C DNA range together with a subtle 8C peak (3.3%) in SGSA-1-positive cells of the sex-reversed clones, whereas a 15.9% 2C peak was also detected (Fig. 4, C  and D) .
DISCUSSION
The present cytological studies demonstrated that spermatocytes of the sex-reversed clones (differentiated into unreduced diploid spermatozoa) have twice the number of bivalent chromosomes (50 bivalents) of normal diploids (25 bivalents). In addition, spermatocytes of the sex-reversed clones, with 2 7 or 2 8 cells per single cyst, differentiated into 2 9 or 2 10 spermatids through meiosis by consecutive two divisions, as observed in normal diploids. These results clearly indicated that unreduced diploid spermatozoa of the sex-reversed clones are formed by premeiotic endomitosis (or endoreduplication), whereby chromosomes in the germ cells are duplicated without cytokinesis before cells enter into quasinormal meiosis that includes two divisions. To our knowledge, this study is the first to identify the cytological mechanisms responsible for the formation of clonal diploid spermatozoa in a unisexual vertebrate. The same mechanism has been reported in only the female (for unreduced oogenesis) in the natural diploid clonal loach [4] , a triploid (diploid female 3 tetraploid male) loach [21] , hybrid medaka from crosses between O. latipes and O. curvinotus [9] , a triploid Poeciliopsis [22] , and a hybrid toad from crosses between X. laevis and Xenopus gilli [10, 11] . Interspecific hybridization often causes a disruption of normal meiosis and resultant sterility owing to the failure of pairing between homologous chromosomes. In lower vertebrates, some hybrids have escaped this reproductive constraint by acquiring an atypical mode of reproduction such as unreduced gametogenesis, followed by parthenogenesis or gynogenesis [1, 2, 23] . In Japan, the loach M. anguillicaudatus has been taxonomically identified as a single-species entity [20] . However, the sequences of the mtDNA control region clearly indicated the presence of two different clades (clades A and B), probably corresponding to two cryptic species in the phylogenic tree [8] . Recently, meiotic hybridogenesis was identified in the gametogenesis of two types of triploids derived from the clonal diploid lineage [7] . The first type had clonal diploid genomes and an extra haploid genome from clade A, while the second type had an extra haploid genome from clade B. In such triploids, one genome of the clone preferentially pairs with the genome from either clade A or B to produce bivalents that then segregate into haploid gametes, while the other unmatched clonal genome is eliminated [7] . Such differences in affinity between the two clonal genomes suggest that the genomic or chromosomal constitution of the clone may be of hybrid origin, as reported in unisexual vertebrates [1, 2] .
Although clonal diploid spermatozoa were predominant in testes of the sex-reversed clones, DNA content flow cytometry showed that a subtle population of haploid cells was present in the testes of only one of 11 sex-reversed clones. In addition, a few metaphase spreads with approximately 25 bivalents were observed in the testes of several sex-reversed clones. Thus, some germ cells of the clonal male may have differentiated into haploid spermatozoa without undergoing the process of unreduced spermatogenesis. However, most clonal germ cells undergo premeiotic endomitosis. Further investigations on these uncommon haploid spermatozoa were not possible in the present study owing to the very low frequency of haploid cells. In the case of the hybrid frog Rana esculenta, which evolved from a past interspecific cross of Rana ridibunda 3 Rana lessonae, non-neutral inheritance of the parental genome occurs through the exclusion of R. lessonae before the cells enter meiosis [24] [25] [26] . Infrequent haploid spermatogenesis observed in the testes of some sex-reversed clonal males may have occurred by such a mechanism.
In mitosis of unreduced spermatogenesis of the sex-reversed clone, high numbers of tetraploid metaphases (with approximately 100 chromosomes) were observed in addition to a few diploid metaphases, with the latter being common in the testes of normal diploids. The mitotic division of hexaploid oogonia, presumably by endomitosis (or endoreduplication), was observed in unreduced oogenesis of the triploid loach [21] and in Poeciliopsis [22] . Generally, type B spermatogonia enter meiosis after a fixed number of mitotic divisions, including six divisions in the mouse and rat [27] , eight in X. laevis [28] , four or five in the zebrafish Danio rerio [29] , and nine or 10 in medaka O. latipes [30] . In both normal and clonal males of the loach M. anguillicaudatus, type B spermatogonia divide seven or eight times before entering meiosis, as 2 7 or 2 8 spermatocytes and 2 9 or 2 10 spermatids per cyst were counted in serial sections of the testes. In the sex-reversed clones, larger nuclei were observed in all mitotic stages of type B spermatogonia, which were categorized by the number of mitotic divisions. In addition to germ cells with larger nuclei, germ cells with nuclei similar in size to those of normal diploids were detected in type A spermatogonia of the clones. These results suggest that chromosome doubling by endomitosis (or endoreduplication) occurs during the type A spermatogonial stage, before the cell begins the active proliferation by mitotic division that is characteristic of type B spermatogonia. Flow cytometry to analyze the ploidy of early spermatogonia (type A and early type B spermatogonia), distinguished by anti-SGSA-1 labeling, demonstrated that an overwhelming majority of tetraploid cells (4C) exist in testes of the sex-reversed clones. The subtle 8C peak that was also observed probably corresponded to the G2 phase of tetraploid cells. Thus, we identified that tetraploid cells first appeared in early spermatogonia, and these results provide strong support for the conclusion that chromosomal duplication occurs during the type A spermatogonial stage.
In several organisms, including mammals and plants, a lack of essential factors for the mitotic cell cycle (or their misregulation) leads to cells entering into an endocycle that DIPLOID SPERMATOZOA AND STAGE OF ENDOMITOSIS produces polyploid cells [31] [32] [33] . Although early-stage spermatogonia of the sex-reversed clones must reenter the normal mitotic cell cycle from the endocycle, the essential molecules regulating the mitotic cycle may be influenced by cellular mechanisms that check for and correct irregular chromosome constitutions. This is consistent with a hybrid origin of the clones, although hybridization normally leads to the failure of pairing between homologous chromosomes. A few octaploid cells (metaphase), probably resulting from a failure to reenter the normal mitotic cell cycle, were observed in testes of the sex-reversed clones, in addition to the many diploid and tetraploid cells in metaphase. In previous studies [6, 15, 34] of unreduced gametogenesis in clonal loaches, however, no evidence of polyploid gametes from such polyploid germ cells was given, and only diploid gametes were reported. Thus, it is predicted that a few polyploid germ cells will undergo cell death. Abnormal type A spermatogonia with a condensed nuclear structure and/or nuclear fragmentation may have been removed from the gonad of the clonal loach before they differentiated into gametes by apoptosis.
Taking Arabidopsis thaliana as a model plant, a mutation of the SWI1 gene (required for sister chromatid cohesion and centromere organization during meiosis) led to the formation of functional unreduced female gametes because normal meiosis did not occur [35] . In asexual vertebrates that probably originated through hybridization, however, atypical reproduction may be effected by an animal's irregular genomic constitution rather than the expression of a mutant gene that could modify meiotic events. Various regulatory molecules necessary for normal meiosis have been identified in vertebrates, including mammals [36, 37] and fish [38] [39] [40] . However, little is known about the influence of irregular chromosome constitutions such as two distinct genomes originating from a hybridization or extraexotic genomes at the early germ cell stage. These irregularities could trigger a change in the normal meiotic process so that atypical reproduction (such as unreduced gametogenesis based on premeiotic endomitosis shown in the present study or meiotic hybridogenesis) occurs [7] . The clonal loach is a good model animal to investigate further the cellular and molecular mechanisms behind atypical gametogenesis and reproduction that may have been acquired in the course of evolution.
